The bacterium Xenorhabdus nematophila is an insect pathogen that produces several proteins that enable it to kill insects. Screening of a cosmid library constructed from X. nematophila strain A24 identified a gene that encoded a novel protein that was toxic to insects. The 42-kDa protein encoded by the toxin gene was expressed and purified from a recombinant system, and was shown to kill the larvae of insects such as Galleria mellonella and Helicoverpa armigera when injected at doses of around 30 -40 ng/g larvae. Sequencing and bioinformatic analysis suggested that the toxin was a novel protein, and that it was likely to be part of a genomic island involved in pathogenicity. When the native bacteria were grown under laboratory conditions, a soluble form of the 42-kDa toxin was secreted only by bacteria in the phase II state. Preliminary histological analysis of larvae injected with recombinant protein suggested that the toxin primarily acted on the midgut of the insect. Finally, some of the common strategies used by the bacterial pathogens of insects, animals, and plants are discussed.
The bacterium Xenorhabdus nematophila is an insect pathogen that produces several proteins that enable it to kill insects. Screening of a cosmid library constructed from X. nematophila strain A24 identified a gene that encoded a novel protein that was toxic to insects. The 42-kDa protein encoded by the toxin gene was expressed and purified from a recombinant system, and was shown to kill the larvae of insects such as Galleria mellonella and Helicoverpa armigera when injected at doses of around 30 -40 ng/g larvae. Sequencing and bioinformatic analysis suggested that the toxin was a novel protein, and that it was likely to be part of a genomic island involved in pathogenicity. When the native bacteria were grown under laboratory conditions, a soluble form of the 42-kDa toxin was secreted only by bacteria in the phase II state. Preliminary histological analysis of larvae injected with recombinant protein suggested that the toxin primarily acted on the midgut of the insect. Finally, some of the common strategies used by the bacterial pathogens of insects, animals, and plants are discussed.
The availability of more than 100 microbial genomes, including the benign and pathogenic forms of closely related bacteria, is leading to an improved understanding of the common mechanisms used by pathogenic bacteria to invade and survive in hosts. The current evidence suggests that bacterial pathogens of various hosts share many genes that aid virulence and survival (1, 2) . The products of such genes are often called virulence factors and include factors required for host and tissue tropism, cytotoxicity and multiplication within the host (3) . These virulence genes are often present on genomic islands that have been shared among pathogens by horizontal gene transfer (4) . The complete genomes available to date have a bias toward vertebrate pathogens, with only a few available for plant pathogens, and one for an invertebrate pathogen, the recently released Photorhabdus luminescens strain TT01 genome (5) . The study of insect pathogens such as Xenorhabdus nematophila, P. luminescens, or Bacillus thuringiensis may provide insight into pathogen evolution and may also lead to the development of new insecticides (6) .
Xenorhabdus and Photorhabdus are Gram-negative bacteria that live in symbiosis with nematodes (7) (8) (9) . This bacterianematode association is highly toxic to many insect species, and in most cases the bacteria alone are highly virulent once they are circulating in the hemocoel of the insect (10) . The bacteria and nematode share a complex life cycle, which includes symbiotic and pathogenic stages. During the symbiotic stage, the bacteria are carried in the gut of the nematode, but after infection of an insect host, the nematodes inject the bacteria into the insect hemocoel. Over several days, the combined actions of the nematode and bacteria kill the insect. Within the hemocoel of the insect carcass, the bacteria grow to stationary phase while the nematodes develop and sexually reproduce. The final stage of development is the re-association of the bacteria and nematodes to form non-feeding infective juveniles, which emerge from the insect carcass to find new hosts. The naturally occurring bacterial symbionts found in the gut of the nematodes are called phase I cells. Variant forms, called phase II, are rarely observed in vivo but are often observed under laboratory conditions (7, 9 -11) and also in the free living clinical isolates of Photorhabdus (12) . The phase II bacteria are still toxic to insects such as Galleria mellonella, despite having many altered properties, including motility and lipase, phospholipase, and protease activities (7, 9 -11) .
Throughout their life cycle, the bacteria and the nematodes produce a variety of metabolites to enable them to colonize and reproduce in the insect host. These metabolites often have overlapping functions, a strategy that is likely to contribute to the success of the nematode-bacteria association against a variety of insect hosts (9, 13) . The metabolites produced include molecules to help evade the insect immune system, enzymes such as proteases, lipases, and phospholipases to maintain a food supply during reproduction (7, 9, 14, 15) , and antifungal and antibacterial agents to prevent degradation or colonization of the insect carcass while the bacteria and nematodes reproduce (9, 16) . The bacteria and nematodes also produce toxins that are responsible for killing the insect host. Analysis of the genome of P. luminescens identified more predicted toxin genes than any other bacteria sequenced to date, including potential gene products with homology to hemolysin A, chitinase, Rtx (repeats-in-toxin)-like toxin, and ␦-endotoxin (5). The only toxins studied in detail are the Tc toxins from P. luminescens strain W14 (17) (18) (19) , although a small amount of work has also been done on a 39-kDa toxin from X. nematophila (20) , the large Xin toxin from X. nematophila strain BJ (21) , and the PhlA hemolysin from P. luminescens strain TT01 (22) . This paper describes the identification, purification, and characterization of a novel insect toxin from X. nematophila strain A24.
EXPERIMENTAL PROCEDURES
Isolation of Toxin Gene-High molecular weight genomic DNA was isolated from X. nematophila strain A24 (23) , partially digested with Sau3AI to generate fragments in the size range 30 -50 kb, dephosphorylated, and ligated to linearized cosmid cloning vector "Supercos" (Stratagene) (24) . The ligated DNA was packaged in vitro using Gigapack II XL Packaging Extract (Stratagene), transfected into the Escherichia coli strain NM554 (Stratagene), and screened by G. mellonella injection bioassay as described below. One clone, designated cos149, was chosen for further analysis. Deletion analysis of this clone (25) was * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.performed using the Erase-a-Base kit (Promega) and the enzymes BamHI, ClaI, SphI, SacI, and HindIII (Roche Applied Science). Digested DNA was ligated into pGEM7Z(f)ϩ (Promega) and transformed by electroporation into E. coli strain DH5␣, and the lysates were screened for insecticidal activity using the G. mellonella bioassay. The smallest of the deletion clones that retained insecticidal activity was sequenced on both strands using a combination of vector and genespecific primers. Similarly, the DNA immediately surrounding the toxin gene and at the 5Ј and 3Ј ends of the cosmid clones and the intermediate deletion clones was sequenced using a combination of vector and sequence-specific primers. DNA sequencing was performed on an automated sequencer (Applied Biosystems model 377) using ABI Prism TM di-deoxy dye-terminator sequencing mix (Applied Biosystems). DNA was isolated from strains using a standard alkaline lysis procedure and analyzed by agarose gel electrophoresis (24) .
Purification of Recombinant Toxin Protein-All protein purification steps were carried out at 4°C unless otherwise stated. Expression of the full-length protein from X. nematophila strain A24 was performed in the IMPACT system (New England Biolabs), in which the toxin open reading frame was cloned at the 5Ј end of a self-splicing intein coding sequence fused to a short DNA sequence encoding a chitin binding domain. Recombinant plasmid containing the X. nematophila strain A24 toxin gene was prepared in the IMPACT vector pCYB3 and transformed into the E. coli strains DH10B or BL21(DE3) by electroporation. Cultures (500 ml) of LB 1 broth containing 100 g/ml ampicillin were grown at 37°C until the A 600 reached 0.5-0.6. Protein production was induced with 1 mM isopropyl-␤-thiogalactoside, and the cells were grown overnight at 14°C. The preparation of bacterial cell extracts, affinity isolation of the fusion proteins on chitin columns, on-column dithiothreitol-mediated cleavage of the fusion proteins, and elution of the purified toxin proteins were all performed according to the manufacturer's instructions, except that 1 mM phenylmethylsulfonyl fluoride was added to the lysis and cleavage buffers. E. coli maltose-binding protein (MBP) was prepared from the IMPACT TM system using the same methods and was used as a negative control for the insect bioassays. Purified proteins were exchanged into phosphate-buffered saline, pH 7.4, and concentrated using Ultrafree spin cartridges (Millipore) with a nominal molecular mass cut-off of 5 or 10 kDa. Protein purity was checked by SDS-PAGE, using either the buffer system of Laemmli (26) with a Bio-Rad Mini-Protean apparatus, or the NuPAGE Novex system (Invitrogen). All gels were stained with Fast Stain (Zoion Research). Protein concentrations were determined by the Bradford assay using the Bio-Rad Protein Assay reagent and BSA (Sigma) as a standard. The identity of the protein was confirmed by mass spectroscopy on a Voyager Elite matrix-assisted laser desorption ionization-time of flight-mass spectrometer (Perseptive Biosystems) for both whole and trypsin-digested protein samples. Mass spectroscopy on the whole protein was performed using sinapinic acid as the matrix and BSA as the standard. The in-gel tryptic digest and subsequent mass spectroscopy were carried out essentially as described previously (27) , except that the gel pieces were not treated with dithiothreitol and iodoacetamide. Theoretical molecular mass and trypsin digest patterns were calculated using Protein Prospector (prospector.ucsf.edu/, version 3.4.1).
Bioinformatics-Programs available via BioManager (www.angis.org.au/, release 4.0) were used to analyze the DNA sequences for the presence of open reading frames (Flip). Searches of the non-redundant nucleotide and protein data bases (released Oct. 17, 2003) were performed using the various BLAST programs (version 2.2.6) available via NCBI (www.ncbi.nlm.nih.gov/BLAST/). Motif and fold recognition analysis of the protein sequence was performed using programs such as InterProScan (www.ebi.ac.uk/interpro/, July 22, 2003 (28) ), PANAL (mgd.ahc.umn.edu/panal/ (29)), Genequiz (jura.ebi.ac.uk:8765/extgenequiz/ (30)), and the Structure Prediction Metaserver (bioinfo.pl/ Meta/pdb-test.pl/ (31)). The secondary structure was predicted using NPS@ (npsa-pbil.ibcp.fr/ (32)). The amino acid composition of the sequence was compared with bacterial sequences available at EBI (www. ebi.ac.uk/proteome/). The sequence was also analyzed using programs available via ExPASy (kr.expasy.org/tools/), including SignalP (version 1.1) and PSORT (version 6.4).
Toxin Expression in Native Bacteria-Phase I and phase II bacteria from glycerol stocks of X. nematophila strain A24 were streaked on LB agar plates and grown at 28°C for 2 days. The phase of the bacteria was confirmed by growth on nutrient agar, bromothymol blue, and tetrazolium chloride agar plates (33) and assays for antibiotic and lecithinase activity (34) . Single colonies from the LB plates were used to inoculate 5 ml of nutrient broth (13 g/liter, Oxoid), and cultures were grown at 200 rpm for 24 or 48 h at 14, 20, or 28°C. Cultures (2 ml) were harvested by centrifugation (3000 ϫ g, 10 min), and the supernatant was removed (the soluble secreted material). The cells were resuspended in 1 ml of lysis buffer (20 mM Tris-Cl, 10 mM NaCl, pH 8), and 500 g of lysozyme was added to 500 l of this suspension and left on ice for 30 min. After boiling for 2 min, 50 g of DNase I was added, and the sample was left at 37°C for 1 h. The resulting suspension was centrifuged (3000 ϫ g, 10 min), and the supernatant was removed (the soluble material from lysis). The final pellet (the insoluble material from lysis) was resuspended in 500 l of phosphate-buffered saline. The samples were analyzed by SDS-PAGE and Western blot (see below).
Antibody Production-Antibody was raised against his 6 V16tox, 2 a P. luminescens protein closely related to A24tox, following standard procedures at the Institute for Medical and Veterinary Science (Adelaide, Australia). Approximately 400 g of purified his 6 V16tox protein was used to immunize each of two New Zealand White rabbits by subcutaneous injection. Each animal received a primary inoculation and three boosts at 3-week intervals. Following the final boost ϳ40 ml of serum was collected from each animal. The antiserum was used without further purification.
Western Blots-Western blots were performed using a nitrocellulose membrane (Hybond-C Extra, Amersham Biosciences) on a Novablot semi-dry blotter at 0.8 mA/cm 2 in transfer buffer (39 mM glycine, 48 mM Tris-Cl, 0.375% SDS). The membrane was processed at room temperature in Tris-buffered saline containing 0.1% Tween 20 using three 5-min washes between all steps. The steps used were a 1-h or overnight block with 3% BSA, a 1-h incubation with the toxin antibody (1:3000 dilution), and a 1-h incubation with anti-rabbit IgG alkaline phosphatase conjugate (Sigma, 1:30,000 dilution). The blots were visualized using nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Promega) in substrate buffer (100 mM Tris-Cl, 5 mM MgCl 2 , 100 mM NaCl, pH 9.5).
Insects-Helicoverpa armigera (Lepidoptera) were reared until fourth instar on an artificial diet (35) . G. mellonella (Lepidoptera) were reared at 27°C until fourth instar on an artificial diet containing dried rice cereal (500 g), honey/glycerol mix (154 ml of honey, 179 ml of glycerol, 37 ml of water), brewers yeast (30 g), and methyl 4-hydroxybenzoate (Tegasept, 0.2% w/w). Lucilia cuprina (Diptera) were reared at 27°C until third instar on an artificial liver and meat meal diet.
Bioassays-The activity of crude extracts and purified proteins was determined using an intra-hemocoel injection assay against the insects G. mellonella, H. armigera, and L. cuprina. Larvae were treated with 5-10 l of either crude or pure sample, which was injected through an intersegmental membrane into the abdominal region. Bioassays were performed on at least 10 larvae that were held at 22°C, and mortality was recorded daily over 3-6 days. For testing of the cosmid library against G. mellonella, crude extracts were prepared by growing E. coli cultures overnight at 28°C in LB broth containing 150 g/ml ampicillin and treating them with 2 mg/ml lysozyme (Amresco) for 15 min. The oral activity of this crude extract was also determined by incorporating 5 ml of crude extract into 95 ml of diet for H. armigera. The temperature dependence of the insecticidal activity was determined using crude extracts of cultures of A24tox in pGEM7Z(f)ϩ/DH5␣ that were grown overnight at 37°C, treated with lysozyme (1 mg/ml), and left at room temperature for 30 min. These extracts were injected into G. mellonella larvae that were kept at 20 and 25°C. The activity of purified recombinant A24tox was tested against all three insects, using a dose range of 1-1000 ng of protein per larva for G. mellonella and H. armigera and 10 -100 ng of protein per larva for L. cuprina. For G. mellonella and H. armigera, data were fitted to the probit curve using POLO-PC (LeOra software, 1987), a program that corrects for natural mortality.
Histology-Fourth instar H. armigera larvae were injected with 10 l of purified A24tox (100 ng) or MBP (100 ng). At 18 h post-injection, fixative (4% formaldehyde in 100 mM sodium phosphate, pH ϳ7.2) was injected into three larvae; holes were punctured into the cuticle, and the larvae were transferred to fixative overnight at 4°C. The larvae were embedded in paraffin wax, sectioned at 6 m, and the sections stained with hematoxylin and eosin. Images were captured with a ProgRes 3012 digital camera on a Leica Diaplan microscope.
RESULTS

Isolation of Toxin Gene-Xenorhabdus and
Photorhabdus bacteria are known to be toxic to insects, but to date the only toxins from the bacteria that have been studied in detail are the Tc toxins. In order to identify other insect toxins from the bacteria, crude extracts from a cosmid library constructed from X. nematophila strain A24 were tested for insecticidal activity using a G. mellonella injection bioassay. The library screen identified two clones with insecticidal activity, whereas control lysates prepared from E. coli NM554 cells containing nonrecombinant Supercos vector showed no insecticidal activity. Both cosmid clones appeared to contain the same region of ϳ35 kb of X. nematophila genomic DNA. Deletion analysis of this cosmid clone, further injection bioassays, and DNA sequencing identified an open reading frame of 1104 bp (368 amino acids) that was required for toxicity (Fig. 1) . The DNA sequence has been deposited in GenBank TM (accession number AX029373). An analysis of the 5Ј region of the gene identified possible imperfect Ϫ10 and Ϫ35 RNA polymerase recognition sites and an imperfect Shine-Dalgarno sequence, suggesting that the open reading frame was likely to be transcribed. Note that it is not possible to say whether the 1.1-kb toxin gene is part of the genome or a megaplasmid, as the cosmid clone had a size of ϳ35 kb, and X. nematophila strain A24 is known to contain megaplasmids of size 70 and 120 kb (11) .
Purification and Characterization of Toxin Protein-Biochemical characterization of the toxin encoded by the cloned gene from X. nematophila strain A24 required recombinant expression of the full-length protein. Initial attempts to overproduce the protein from commonly used E. coli vectors and strains, such as pGEM7Zf(ϩ) in DH10B, resulted in the expression of very small amounts of protein, most of which was insoluble. Similarly, the toxin was mostly insoluble when expressed as a glutathione S-transferase fusion protein using the vector pGEX (Amersham Biosciences). Eventually, a useful amount of soluble protein without N-or C-terminal modifications was obtained by expressing the toxin as a fusion protein in the IMPACT system. After expression and purification according to the manufacturer's instructions, the A24tox construct produced a major soluble protein product of the expected size of ϳ42 kDa, as determined by SDS-PAGE ( Fig. 2A) and mass spectroscopy (see below). The final preparations con- tained 90% or more of the toxin protein, along with contaminants that varied slightly depending on the cleavage and wash conditions used during the purification process. Western blotting with an antibody known to be highly specific for the toxin indicated that some of these contaminants were related to A24tox, in particular the uncleaved fusion protein that runs at about 90 kDa on SDS-PAGE (Fig. 2B ). E. coli GroEL (ϳ57-60 kDa) can also co-purify in small amounts with the target protein (www.neb.com/neb/faqs/impact.html). After purification and concentration, the yield of A24tox was ϳ0.4 mg per liter of E. coli culture. The identity of the protein was confirmed by mass spectroscopy, where an analysis of the tryptic digest of A24tox identified peptides that covered 77% of the predicted open reading frame, including peptides from both the N and C termini (Fig. 1) . The measured molecular weight (41,485) was within instrumental error (0.05%) of the calculated molecular weight (41, 502) . Both the whole protein and tryptic digest spectra suggested that the N-terminal methionine residue of the recombinant protein had not been processed.
Biological Activity of the Toxin-The biological activity of the recombinant purified protein was tested by an intra-hemocoel injection bioassay, a method that delivers the bacteria directly into the hemolymph and thus mimics the release of the bacteria into the hemolymph that occurs soon after a nematode infects the insect host (7, 8) . The bioassay results indicated that purified A24tox killed a high percentage of G. mellonella, H. armigera, or L. cuprina larvae after a single injection of at least 10 ng of toxin per larva. MBP purified from the IMPACT system was used as a control for these experiments and did not cause significant larval mortality (0 -5%) at any of the quantities tested. This confirmed that A24tox was responsible for the observed toxicity and not any of the minor contaminants present in the toxin purification. With H. armigera, the larvae ceased feeding almost immediately and were dead after 2-3 days, and for G. mellonella, the larvae were unable to spin cocoon silk and were dead after 6 days. Mortality was dependent on the concentration of the toxin, as shown in Fig. 3A for G. mellonella and H. armigera. The LD 50 values were calculated by probit analysis (Fig. 3A) and are listed with the 95% confidence limits shown in parentheses. G. mellonella was killed effectively by A24tox (LD 50 ϭ 26 ng (11-48 ng)), as was H. armigera (LD 50 ϭ 5.2 ng (1.4 -9.0 ng)). Because the average larval mass at the time of injection was ϳ140 mg for H. armigera and ϳ800 mg for G. mellonella, this indicated that the LD 50 values were in the range 30 -40 ng/g. The A24tox protein was also active by injection against L. cuprina larvae, with an observed mortality of 60, 100, and 100% at doses of 10, 50, and 100 ng, respectively, compared with a MBP control mortality of 5-10%. Crude extracts of A24tox from E. coli strains, which were known to be active by injection, did not have any oral activity when incorporated into the H. armigera diet (data not shown). The activity of an E. coli crude extract against G. mellonella larvae was found to be temperature-dependent (Fig.  3B) , with the toxin causing 100% mortality in approximately half the time at 25°C as compared with 20°C.
It is clear that a major target of the toxin is the caterpillar midgut (Fig. 4) . Control animals injected with MBP showed the expected histology for healthy H. armigera larvae (Fig.  4a) . At 18 h after the injection of toxin, we observed disruption of the basement membrane and intercellular plasma membrane connective structures, with numerous cells sloughed into the gut lumen, and a large amount of unidentified material appearing in the gut lumen (Fig. 4b) . The damage was consistent throughout the midgut, with no damage seen to the fore-or hindgut. Some damage was also observed in the fat body. 2 Expression of the toxin in laboratory cultures of the native X. nematophila strain A24 bacteria was examined by Western blot using the antibody raised against the his 6 V16tox protein (Fig.  5) . The toxin was detected in the cell lysate of both phase I and II bacteria and in the extracellular secreted fraction of phase II but not phase I bacteria. However, the toxin detected in the cell lysate was insoluble, and soluble toxin was detected only in the secreted material of phase II bacteria. A24tox was expressed under all growth conditions (24 or 48 h, and 14, 20, or 28°C), but the greatest amount of soluble toxin was produced when the cultures were grown at 20°C for 48 h. Note that a Western blot showed that toxin protein overproduced from E. coli cultures (A24tox in pGEM7Z(f)ϩ/DH10B) was not secreted.
Bioinformatic Analysis of Toxin-Bioinformatic analysis of the A24tox gene was performed to gain some idea of the biological function of the toxin. Searches of the non-redundant nucleotide and protein data bases were performed for the A24tox nucleotide and protein sequences using the blastp, blastx, and tblastx programs. The only statistically significant similarity was to a hypothetical protein with no annotation in the related bacterium P. luminescens (plu2326, expect value 10 Ϫ131 ). Detailed analysis of the amino acid sequence using methods such as similarity searches and motif and fold recognition also showed no significant matches. Thus it appeared that the toxin had no detectable homologs in the current data bases and therefore was a novel protein with a potentially novel function.
An analysis of the amino acid composition of A24tox, as compared with the bacteria E. coli K12, Yersinia pestis, and Salmonella typhi, suggested that the protein is rich in polar amino acids such as Lys, Asn, Asp, and Gln, poor in amino acids such as Ala, Gly, and Val, and contains no Cys residues. The secondary structure prediction suggested that the protein was likely to be predominantly ␣-helical, containing 40% helix and 7% strand. The protein was predicted to contain no signal peptide cleavage sites (SignalP) and to possibly be located on the bacterial inner membrane (PSORT).
Information about the genetic context of the toxin gene was also obtained by sequencing the DNA surrounding the toxin gene. The sequenced region was 3270 bp, including 1014 bp upstream and 1149 bp downstream of the A24tox gene. Single sequence reads (ϳ500 bp) were also obtained from the original cosmid clones or the intermediate deletion clones that were produced when isolating the toxin gene. The exact distance of these DNA segments from the toxin gene was not always known, but the sequences must be within 35 kb of the toxin gene and thus could still provide some information about the broader genetic context of the toxin. The sequenced DNA was subject to blastx and tblastx searches to identify any homologous proteins, and the results are summarized in Table I . The 3270-bp region was also analyzed by the program Flip, which predicted a possible open reading frame just downstream of the toxin gene, corresponding to the ygfY/ygfX gene product from E. coli that was identified by the tblastx search (Table  I) . No open reading frames were predicted for the region upstream of the toxin gene. The results (Table I) allowed three observations to be made about the genetic context of the toxin gene. First, the number of homologs identified was quite low when considering the length of DNA sequence that was obtained. Second, of the few homologs that were identified (Table I) , the matching proteins were frequently found in other bacteria, including pathogens and extremophiles, were often marked as imported or carried on plasmids, and were often implicated in virulence (glycine dehydrogenase, singlestranded DNA exonuclease, and cobyrinic acid a,c-diamide synthase). Finally, the average GC content of the 3270-bp region was about 35%.
DISCUSSION
A24tox Is a Novel Toxin-We have identified a toxin gene from a cosmid DNA library of the insect-pathogenic bacterium X. nematophila strain A24 (Fig. 1) . Sequence similarity searches showed that the A24tox protein corresponding to the open reading frame of the toxin gene was homologous to a hypothetical protein identified from the recently sequenced genome of P. luminescens strain TT01. This suggested that the toxin was present in other related bacteria, which is consistent with our observation that the toxin is widespread in various Photorhabdus and Xenorhabdus strains.
2 Detailed bioinformatic analyses of the A24tox protein, including similarity searches, motif recognition, or fold recognition, produced no significant matches to proteins with known structure or function. This suggested that A24tox is a novel virulence factor, with no currently discernible relationship to known toxins.
Other toxin proteins isolated and characterized from bacteria related to Xenorhabdus are the Tc toxins from P. luminescens strain W14 (17) (18) (19) , a 39-kDa toxin from X. nematophila (20) , the large Xin toxin from X. nematophila strain BJ (21) , and the PhlA hemolysin from P. luminescens strain TT01 (22) . Of these, only the Tc toxins have been studied in any detail. The 39-kDa toxin was shown to be secreted, active by hemolymph injection against G. mellonella larvae, and could be purified by anion-exchange chromatography (20) . However, the limited information available for this protein makes it impossible to determine whether it is the same toxin that we have identified here. There is also limited information available about the Xin toxin, which has a molecular mass of greater than 1000 kDa, is expressed intercellularly, and is orally toxic to H. armigera larvae (21). The PhlA hemolysin was shown not to be a major virulence determinant (22) . The Tc toxins from P. luminescens W14 form a large protein complex that is toxic to insects by either ingestion or injection (17) (18) (19) . The high molecular mass complex consists of about 10 polypeptides, ranging in size from 30 to 200 kDa, which is secreted from the bacteria and requires proteolytic processing for activity. Multiple tc genes have been identified in several Photorhabdus species (5, 36, 37) , and tc-like genes have been identified in other insect-associated bacteria (X. nematophila (36, 38) , Serratia entomophila (39) , and Y. pestis (36) ), as well as in Pseudomonas syringae pv. tomato, Fibrobacter succinogenes, and Treponema denticola (40) . The toxin we have characterized in this work is quite different from the Tc toxins. It appears to be an isolated gene that produces a single 42-kDa protein. It does not seem to require proteolytic processing to be toxic. Moreover, in the insects tested it is only active by intra-hemocoel delivery. Because we can not make any significant annotation for the A24tox gene or protein, and it is different to the known insect toxins, we must conclude that it is a novel toxin.
Mode of Action of A24tox-A24tox has insecticidal activity (Fig. 3A) , causing larvae to cease feeding almost immediately after toxin injection. The larvae then take several days to die and have a mortality rate that is dependent on temperature (Fig. 3B) . The dose of A24tox required to kill insects (30 -40 ng/g of larvae) is of the same order of magnitude as that of other insecticidal toxins, such as the Tc toxins from Photorhabdus against M. sexta larvae (18) , and the insecticidal crystal proteins of B. thuringiensis against Helicoverpa zea (41) and Leptinotarsa decemlineata (42) . Injection or ingestion of the Tca complex of P. luminescens strain W14 by M. sexta larvae causes damage to the midgut cells, resulting in a shedding of the midgut epithelium into the gut lumen followed by lysis of the epithelium (43) . This histopathology was similar to that observed with the ␦-endotoxins from B. thuringiensis and cholesterol oxidase from Streptomyces (43), although it is worth noting that similar histopathologies do not necessarily imply the same mode of action. In comparison, although the mode of action of the A24tox protein is not yet known, it also causes significant damage to the midgut of toxin-treated H. armigera larvae (Fig. 4) , a histopathology that is consistent with the observations that the larvae cease feeding almost immediately after toxin injection. However, the observed pathology of the midgut 2 (cells being sloughed into the gut lumen, disruption of the basement membrane and intercellular attachments, a large amount of unidentified material appearing in the gut lumen, and no evidence of cell lysis) is different from that observed with either the Tc or Bt toxins.
X. nematophila Strain A24 Has an Active Secretion System for Toxins-When the native X. nematophila bacteria were cultured under laboratory conditions, soluble A24tox was detected only in the extracellular secreted material of phase II bacteria (Fig. 5) . These results indicated that X. nematophila had an operational secretion system. Because there are no identifiable secretion signal peptides at the N terminus of the toxin, it is possible that A24tox is secreted by a type III secretion system. These results are consistent with reports that Xenorhabdus and Photorhabdus secrete a large number of proteins, including the Tc toxins (37) , and the genomic analysis of the related P. luminescens that predicted proteins with homology to the Yersinia type III secretion machinery (5, 37) . It was also interesting that the toxin was secreted only in the phase II cultures. Phase I bacteria are the active bacteria in the nematode gut, whereas phase II bacteria are most commonly observed under laboratory conditions and as yet have an unknown role in vivo. Both phase I and phase II bacteria are known to be toxic to insects (33) . In general, phase changes are known to assist bacteria in responding to environmental changes, and there is a suggestion that different bacterial phases may be important for evading host defense systems (7, 9, 10) . A24tox Is Part of a Genomic Island-Analysis of the DNA near the toxin gene showed that the genetic region immediately adjacent to the toxin gene had relatively low homology to sequences in the current data bases. This was also seen for the region surrounding the Tc toxins from P. luminescens strain W14, where a high proportion (15 of 40) of putative open reading frames near the tc genes showed no homology to sequences in the current data bases (36) . These results suggest that there are significant differences between Xenorhabdus and Photorhabdus and other bacteria. Furthermore, the few homologs that were identified in the analysis of the sequenced DNA of X. nematophila (Table I) suggested that the bacterium had shared genetic material with other bacteria, that the toxin genes were associated with other genes possibly involved in virulence, that the 35% GC content of the DNA region containing the toxin was different from the 43-44% estimated for the whole genome (5, 44) , and that mobile genetic factors such as transposons were present. These are all indicators of pathogenicity islands or genomic islands (4), suggesting that A24tox is part of a genomic island that is involved in pathogenicity. This is consistent with observations that the P. luminescens genome contains several genomic islands that are involved in functions such as symbiosis and pathogenicity (45) .
Common Virulence Strategies of Pathogenic Bacteria-It is interesting to compare the virulence strategies used by insect pathogens such as Xenorhabdus and Photorhabdus to those used by other pathogens (2, 46) . Our analysis of the A24tox gene and surrounding DNA indicated that the bacteria had shared genetic material with other bacteria and that the A24tox gene was likely to be part of a genomic island involved in pathogenicity. Similar observations were also made for the tc-like genes from P. luminescens, X. nematophila, and other bacteria (36, 38 -40) and the mcf gene from P. luminescens (47) . We also showed that X. nematophila had an active secretion system, and others (5, 37) have shown that the genome of P. luminescens contains many proteins predicted to be involved in secretion systems. The Tc toxins in P. luminescens have a high level of redundancy, where knockout of any one of the tc gene products causes a reduction but not a loss of toxicity (5, 19) . Many homologs of adhesins, invasins, and fimbria proteins have been found in P. luminescens and X. nematophila (5, 10, 37, 48) and are often used to aid colonization of the host (2). These four examples, acquisition of genetic material by horizontal transfer, the use of secretion systems for virulence factors, the production of virulence factors with a high level of redundancy, and the use of pili and fimbriae to aid colonization, clearly indicate that the insect-pathogenic bacteria have much in common with other animal and plant bacterial pathogens (2) . There is still some debate on the species classification of Xenorhabdus and Photorhabdus, but because the invertebrates evolved before vertebrates, it is possible that these insect pathogens are the ancestors of the animal pathogens. It is also clear that insect pathogens such as Xenorhabdus and Photorhabdus may be a potentially rich resource for the discovery of additional virulence mechanisms and proteins with other novel bioactivities.
